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Chapter 1
INTRODUCTICN

Problem Statement

Office of Management and Budget (CMB) Circular No.
A-109, dated April 5, 1976, established policies to be
followed by executive branch agencies in the acquisition of
major systems (13:1). In accordance with these policies,

the Air Force Aero Propulsion Laboratory (AFAPL) is required

to estimate jet engine production costs from the conceptual
1 through the production phase of weapons system development.
The AFAPL has recognized that existing cost estimating tech- é
nigques are inadeguate for this purpose (24). |
The AFAPL needs a cost estimating technigue which
estimates the impact of engine design changes on %total
engine production costs (2,24). As a prerequisite to devel-
oping such technigues, an understanding of the sensitivity
of production costs to design changes of engine sections is

needed.

Background and Justification

Life Cycle Cost (LCC) is defined by Air Force Regu-
lation 800-11 as the total cost of an iftem or system over
its full life (32). Figure 1 illustrates the phases in a
weapon system life cycle, LCC, as applied to gas turbine

A
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engines, includes costs to develop and test the engine

through the full-scale development phase, costs to produce

the engine in quantity during the production phase, and

_

b costs to support the engine from the deployment phase
through retirement from the inventory (disposition phase)
(25:156-7).

The AFAPL can play a vital part in reducing the LCC
of an engine (25:157). Most of the decisions which affect

ICC are made very early in the weapons acguisition process.

B

. It is during this advanced conceptual phase that the labora-
tory has the opportunity to provide the advanced design
technologies which form the future technological base for =n
engine (25:157).

Better cost estimafting technigques, sensitive to
design changes, are needed (25:158). These improved tech-
niques are needed so that the AFAPL can consider cost
trade-offs inherent in design factors such as energy output,
efficiency, and manufacturing methods in establishing engine
configuration (25:158).

Previous investigation by AFAPL into various cost
estimating methods and models has identified two general
appréaches to developing cost estimating tecknigues for jet

engines (3). The first cost estimating teck " -~ue is the

N

"parametric" approach The term "parametric” is used

&

z
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because the technigue employs variables which explain the
characteristics (or parameters) of the engine such as per-
formance (e.g., thrust-to-weight ratio, turbine-inlet-
temperature), physical (e.g., weight, airflow), and charac-
teristics related to the development process (e.g., com-
plexity, materials index) (3:2). Statistical regression
analysis is offten used to derive a relationship between

one or more engine "parameters" and cost (3:2).

The second major cost estimating technique is termed
"the industrial engineering approach." This technigue
entails the examination of work at a low level, with
detailed estimates of the cost elements required to produce
each engine part. These estimates are then aggregated to
sub-assemblies and higher assemblies until the entire
engine is "built" into a total cost estimate (3:3).

Major drawbacks have been identified for both of
these cost estimating techniques. A deficiency in the
parametric technique is that cost estimating relationships
are developed based upon the historical data from previous
engines and may not be predictive of new engines (25:158).
The deficiencies with the industrial engineering approach
are not attributed to the validity of the technique itself.
Rather, they lie in the govermment's lack of detailed manu-

facturing data and the shortage of resources needed %o

4




apply the technigque (3:3). In 1971, Dr. Bruce N. Baker
i surveyed over 600 individuals withir the Department of
Defense (DOD) and the National Aeronautics and Space %
Administration (NASA) cost estimating and analysis orgeni- |
zations (1:38). The majority of these individuals recog-
nized the deficiencies in application of the industrial
engineering approach. However, they voiced preference for
this approach over the parametric approach if the deficien-
cies could be overcome (1:52-9).
In an effort to create the requisite methocdology to
establish a credible engine acquisition costing model, the
AFAPL, in 1974, initiated a Senior Investigator Program with
both Purdue University and Georgia Institute of Technology
to evaluate cost estimating approaches in industry (3:25). ;
Deutsch and Berry in a Georgia Institute of Tech- §

nology report described the state-of-the-art of methodo- 14

logical approaches to life cycle costing contained in
technical literature and employed in selected irndustrial
sectors (9:1i). They concluded that the difference between
the parametric and engineering approaches was only in terms
of the level of system description. The report asserted
thats
. . the problems of estimating costs for
indivi dua‘ component parts in the ’englnoer xtha -l
approach are identical %o the problems inherent
in the estimation of their assembly in a single

-
pass [9:34].

[
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Given the choice between the parametric and indus-
trial engineering approaches, Deutsch and Berry voiced
strong preference for the latter, although they asserted
that " . . . both approaches to cost estimation are overl
dependent on a cost model [9:34]." Regression models in
the parametric approach utilize proxy variables such as
those which describe engine performance (9:34). In the
engineering apprcach, estimated parts costs must be aggre-
gated into a total engine cost estimate which treats parts
costs as additive, or allows for some decreasing cost 1
synergy when parts, assemblies, and sections are aggre-
gated to the complete engine, or some combination of the
two (9:34-5). They concluded by stating that a manufac-
turing line simulation model offered a possible altermative
approach to a cost model reflecting the manufacturing

environment (9:35).

The purpose of the Purdue University study was:

e « o« t0 survey the state of the art and the
actual practice of production cost estimation of
proposed new turbine engines to determine the
feasibility of the Wright-Patterson Air Force
Aero Propulsion Laboratories having their own
capability of predicting production costs . . .
for both newly developed engine designs and
also changes to all types of engines, new or
dld [Fls ol e

The Purdue University study by Dreke, Reda, and Allen

resulted in two major conclusions.

~
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The first conclusion was that the industrial
engineering approach was feasible for AFAPL., The Purdue
researchers based this conclusion on findings of their
study of manufacturing techniques and factory costing pro-
cedures of two turbine engine mgnufacturers (11:5). How-
ever, AFAPL would encounter major problems because " . . .
they do not have the data base created by past manufactured
products and they do not have daily contact with the shop
floor [11:19]." In addition, Drake, Reda, and Allen felt
that to plan and execute a complete cost estimating system

using the industrial engineering approach would require

ct

hree to five personnel with skills in the following areas

N

11:29):
1. Industrial Engineering--Manufacturing tech-

nologye.

2. Materials Sciences--Metals and ceramics,
especially high temperature.

3. Computer Applications--Data base design, list
processing languages, time sharing systems.

4, ZEconomics--Forecasting, metals, and manufac-
turing industries' price trends.

‘ 5. Business--Cost accounting, standard cost

systems.
Drake, Reda, and Allen's second conclusion was that

use of regression analysis, as is done in the parametric

v




[P 'm‘—'—j

approach, could be extended to engine components and sub-

* components or parts (12:23). They asserted that diffi-
culties would be encountered at the section levell1 because
" . . . all engines are not simply scale ups or scale downs
of a single basic design . . . [12:22]." However, they
felt that these difficulties could be overcome by proceeding
to a lower level (i.e., assemblies or parts) with regression
analysis because engines which are " . . . different at the
component level all tend to have disks, blades, vanes, etc.
[12:240."

A third research effort sponsored by AFAPL, con-
ducted by Mullineaux and Yanke of the School of Systems and
Logistics, Air Force Imnstitute of Technology, was completed
in June 1976. A proposed methodology for estimating engine
costs was developed which built upon parametric models

developed by the RAND Corporation and currently used by the

Air Force. These parametric models were modified by adding
material factor variables developed by the Navy. The Navy
had developed material factors based on the following theory:

« « « that advanced engine technology and the
increasing use of super alloys in jet engines are
closely correlated. If the theory was true then
engine cosis could be predicted using a CER [Cost l
Fstimating Relationship] containing a materials

7 * > Sk e il s
For definitional breakdown of engine, sections,

assemblies, and parts, see Appendix A.

8




{ factor. This factor would automatically update

' the cost-estimating model as changes in technology
occurred [21:21].

Mullineaux and Yanke found the RAND models cur- j
rently in use by the Air Force required statistical verifi-
cation tc be operationally effective (i.e., the models
should incorporate confidence interval testing at a speci-

fied alpha level for each prediction) (21:74). They also

asserted that "materials~related wvariables should be

;

included as prime candidates fcr independent variables
future cost estimating models for jet engines [21:80]."
Added impetus was given to the AFAPL's efforts %o

create a credible acquisition costing model by the direction
contained in OMB Circular No. 4-109, dated April 5, 1976

13)« The circular established major system acgquisition
policies for application by Federal agencies. Among the
major system acgquisition management objectives set forth,
the following has particular applicability to the activi-
Ties of AFAPL:

Maintain a capability to: Estimate . . . costs
for system development, engineering, design, demon-
stration, test, production, operation and support.

« « « Estimate . . . costs during system design
concept evaluation . . . to ensure appropriate
tradeoffs among investment costs, ownership costs,
schedules, and performance [13:5].

This research effort comprises a portion of an

13

n-going exploration of cost estimating techniques appl

cable to jet engines sponsored by AFAPL.

9




a Objective
The objective of the research was to determine the
relationship of section production costs to total produc-
tion costs of gas turbine engines. More specifically, the
research was aimed at determining what cost correlations
might exist between the following:

1. rbine engine sections,

o

« Turbine engine sections and the completed

engine.

Research Questions

s

The researchers proposed to answer the following

<

guestions in order to determine what relationships might
exist between the production costs of gas turbine engines
and turbine engine sections:

~

1. What is the relationship between engine section

production costs and total engine production costs?
2. Whatv are the relationships between the produc-
1 tion costs of engine sections?
3. Do these cost relationships provide insight
into techniques which could be used for predicting produc-

“

tion costs and design change costs of gas turbine engines?




Chapter 2
RESEARCH METHODOLCGY

Overview

The research methodology was designed to determine
the relationships which might exist between the production
cost of jet engine sections and the cost of the complete
engine. Cost of the complete engine and costs of engine
sections were treated as random variables. Correlation
analysis was used to identify the relationship of engine
section production cost to total engine production cost.
Partial correlation was then used to determine the net con-
tribution of particular engine sections to total cost while
controlling the effects of other sections. The following
topics are covered in this chapter:

1. Variables of interest,

2. dJustification for variable selection,

3. Data collection,

4, Data description,

5. Population and sample,

6. Analysis procedures,

; 7« Criteria tests,
8. Summary list of limitations, and

9. Summary list of assumptions.

-,
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Variables of Interest

The variables of interest were production costs of
the complete turbine engine and production cost of turbine

engine sections. These variables are listed in Table 3.

Complete definitions are provided in Appendix A.

tification for Variable Selection

|

Two previous studies have identified engine cost
breakdowns which support the selection of the variables of
™

interest. DParticipants in the Air Force/Industry Manufac-

turing Cost Study held at Sagamore, New York,

no
Je>
gt;
s
O]
ct
|

1 September 1972 provided the engine cost breakdown shown
{ (=]

Is

in Table 1 (30:15). At a Joint Air Force/Industry Low Cost
Manufacturing/Design Seminar held at French Lick, Indiana,
22-24 May 1973, participants from the Garrett Corporation

resented distributions of engine section costs as & percent

(00]

of total cost (29:597,600). These are shown in Figures 2

and 3. At the same seminar, parficipants from Pratt arnd
Whitney Aircraft Company provided the breskdown oI engine

cost shown in Table 2 (29:449). These tables and figure
show dissimilar engine breakdowns.

In an effort to define an engine breékdown which
could pe used So assign costs to the functional sections of
gas turbine engines, the researchers sought the advice of

Mr. Kenneth Stalker, Chief Consultant, General Electric

5
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Table 2

Percentage Distribution of Engine Cost

Component % of Cost
Fan 1
Compressor 14
Combustor 3
Turbine 20
Augmentor 5
Nozzle 2
Brgs-Lube Systen >
External Structure i
Controls 19

Source:

Pratt and Whitney Aircraft Company (29:449).
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Laboratories. Mr. Stalker proposed an engine breaxdown
consisting of ten sections (28). AFAPL recommended that

Mr. Stalker's proposed breakdown be modified slightly by
treating augmentor and nozzle as a single section. Th
augmentor and nozzle comprise what is commonly imown as the
afterburner section (2). The resultant engine breakdown is
shown in Table 3. Total engine production cost and produc-
tion costs of the nine sections shown represent the indepen-
dent variables for this research.

In summary, based upon the Air Force/Industry Manu-
facturing Cost Study, the Air Force/Industry Low Cost Design
Seminar and the expert opinion referenced above, the vari-
ables previously shown in Table 3 were selected as varisbles
of interest for correlation analysis. The sections selected
as independent variables are functionally separated, yet
when aggregated represent a complete gas turbine engine in
physical terms as well as in terms of total productio

costs (2). A pictorial representation of these variables is

-

shown in Figure 4.

Data Collection

Production cost data for gas turbine engines were

H

equ

H

ed for the proposed analysis. It was necessary tc

[
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t production costs for complete engines as well as
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Table 3

List of Independent Variables

TCOST
X1
X3
X4
Z5
X6
X7
8
X9

Total Engine Production Cost
Fan,

Compressor

Combustor

High Pressure Turbine

Low Pressure Turbine
Bearings, Seals, and Drives
Controls and Accessories
Frames

Augmentor and Nozzle

18
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production costs for the engine sections identified as
variagbles of interest.

Potential data sources within Aeronautical Systems
Division (ASD), Air Force Systems Command (AFSC) were sur-
veyed. DPotential sources contacted within the Comptroller,
ASD were the Comptroller Cost Library (16), Life Cycle Cost
Cffice (15), and Cost Management Systems Division (25).
System Program Offices (SPO) for the A-10 (22), F-5 (&),
F-15 (4), F-16 (4), and Propulsion Systems (34) were also
contacted. In each case, sources of engine cost data were
found for the engine level, but only one source of data at
the engine section level was located, the F-5 SPO.

The F-5 SPC collects production cost data from the
manufacturer for the J-85-21 engine. The data are compiled
by General Electric, Lynn, Massachusetts under their own
Cost and Schedule Measurement Operating Systems (COSMOS).
Copies of COSMOS reports are sent monthly to the F-5 SPO
(6). COSMOS compiles engine production cost data by parts,
assemblies, sections, and complete engines (14). Discovery
of this data led to a further search for COSMOS data on
other engines,

; COSMOS is presently operational for only two General
Electric engines, the J-85-21 and the TF-34-100. Only the

J-85-21 data are presently being collected by the SPOs

20




)Je Although the company plans future implementation of
the system on other engines (7,28), COSMOS as a data source
for this research effort was limited to the J-85-21 and

TF-34-100. However, General Electric was willing to provide

available prcduction cost data on five other engines to sup-
vort this research (27,28).

Data collection efforts with two other major engine
manufacturers were not as successful. A representative of
Pratt and Whitney provided a production cost breakdown for
the F-100 engine. However, in the limited time frame of
this research and for reasons not explained to the
researchers, the Pratt and Whitney representative cculd not
provide data on any other engines (20). Detroit Diesel

k) +

Allison, according to the Air Force Plant Representative's

~

Office (AFPRO), does not presently collect or segregate

engine production cost data by engine section (10).

Finally, the Naval Air Development Center,
Warminster, Pennsylvania was contacted as a potential data
source. The resesarchers were informed that the only produc-
tion cost data presently available and in use by the Navy

T 7

in engine cost estimating studies wers data reflecting

Q

totai engine production costs. According to the respondent
B~ 9

no source of engine section production cost data existved

in the Navy at the time of this research (5).




Data Description

4 Production cost data for eight engines were collected ﬁ
(see Table 4). Data collected were heterogenous in terms of
the following:
1. Engine characteristics.
a. The F-100, F-101, F-404, TF-34-100, and TF-39
are turbofan engines.
b. The J=79-17 and J-85-21 are turbojet engines.

c. The GE-18 (T-700) is a turboshaft engine.

d. The F-100, F-101, F-404, J-79-17, and J-85-21
have an augmentor and nozzle while the others do not.

e. The F-100, F-101, F-404, TF-34-100, TF-39, and
GE-18 (T-700) have a low pressure turbine. Others do not.

f. The F-100 is of modular construction. thers
are not,

2. Data sources and cost year.

a. The F-100 cost figures were based on actual pro-
duction costs provided by the manufacturer in 1973 dollars
(20).

b. The F-101 engine cost figures were based on
manufacturer's cost estimates in 1976 dollars (28).

‘ c. The F-404 engine cost figures were based on
manufacturer's cost estimates in 1975 dollars (28).

d. The TF-34-100 engine cost figures were based

2
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oz actual production costs tracked by COSMOS as of 1 July
1976 (7).
e. The TF-39 engine cost figures were based on
actual production costs provided by the manufacturer in
1976 dollars (28).
f. The J-79-17 engine cost figures were based on
actual production costs provided by the manufacturer in ]
1973 dollars (28).
g. The J-85-21 engine cost figures were based on
actual production costs tracked by COROS as of 1 January
1975 (6).
h, The GE-18 (T-700) engine cost figures were based
on actual production costs provided by the manufacturer in
1975 dollars (28). {1
% Production status.
a. The J-79-17 is no longer in production (28).
b. The F-100, TF-34-10C, TF-39, J-85-21, and GE-18
(T-700) were currently in production (7,6,28).
c. The F-101 and F-404 were not yet in production
(28).
Table 4 reflects the engine cost data collected
for this research. Production costs include direct labor,
direct materic . and overhead apportionment. Some miscel-

laneous material and assembly, inspection and test cosss

24
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are not included., At the manufacturers' requests, costs are

shown in Table 4 in terms of percent of total production cost
to protect the pro etary nature of the actual dollar
figures (10,28). Actual dollar costs used for the correla-
tion analysis in this research were retained on file by
AFAPL (2).
The lack of homogeniety and variations in the data
collected will be treated in the sections on limitations and

assumptions that follow.

Pooulation and Sample

The population of interest is comprised of all gas
turbine engines (turbojet, turboskaft, and turbofan) pro-
duced for use on United States military rFergtfve. [Tae
interest are production costs for ths com-
pleted engine and for engine sections.

Data availability and time allocated for this
research have limited the sample to one of opportunity.

As previously discussed in the data collection section, the
available data were not selected by a random sampling pro-
cedure. Therefore, the sample carnot be considered repre-
sentative of the population. Nevertheless, the sample has

been judged sufficient to provide an insight into the rela-

'.h

tionship of total engine production cost and production
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Analysis Procedure

Production cost data for engine sections and complete 4
engines conform to the requirements for ratio-level dats, |
which is the hishest measurement scale (23:5). Therefore,
this ratio-level data satisfies the lower level requirements
(interval-level) for correlation analysis (2%:280).

Bivariate, or simple pairwise correlation, provides
a single rumber (the coefficient of correlation, r) which
summarizes the relationship between two variables (23:276).

Using the sub-program PEARSON CORR of the Statistical Pack-
o <o

-3

age for the Social Sciences (SPSS), the coefficients of

correlation were computed to determine the strength of
correlation between each engine sectlon production cost ard
total engine production cost, and between each engine section
production cost (23:276).

Parti

()

1 correlation provides a single measure of

t

iation (the coefficient of correlation, r) describing

o
Ie)

SsSO

<

the relationship between two variables while adjusting for
the effects of one or more additional variables (23:302).

The SPSS sub-program PARTIAL CORR was used for partial cor-

relation analysis. By putting each engine section which
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procedures necess

axy

o

correlation analysis are contained in Appendix B.

Appendix C contains copies

written to accomplish the

all variables of i

variables which met

o

terest and partial

the criteria test

simple pairwise ¢

orrelations

to accomplish the

of

following section. The correlation analyses were accom-

< -

lished as

-

follows:

o)

1. Using the data for engines, simple

pairwise correlations were calculated for each section cost

(X1 through X9) with total engine production cost (TCOST).
In addition, simple pairwise correlations were calculated
for each section cost (X1 through X9) with eaci cther sec-

2. Partial correlations of section costs with
TCOST were calculated for those sections which met the simple
pairwise correlation criteria test described in the follow-

tion.

!
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A criterion test was necessary to determine if the
relationships between engine section production costs and

ngine production costs identified through this
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statistical analyses or studies which attempted to identify
such relationships. Further, no objective basis for
judging "meaningfulness'" was discovered in the literature
review. Therefore, the researchers relied upon the value
judgement of the research sponsor, AFAPL, to provide a
criteria test for "meaningful" relationships.

Any relationship between an engine section produc-
tion cost and total engine production cost which exhibited
a correlation coefficient of O.
wise correlation or correlation coefficients of not less
than 0.4 in partial correlation analysis were judged
meaningful by AFAPL (2,24). Previous knowledge of these
relationships was limited to other expert opinion, conjec-
ture, and subjective judgement of various personnel familiax
with engine design and engine cost estimating (2,24). For
example, a commonly held belief is that the cost of the
high pressure turbine section correlates highly with total
engine cost (24). Therefore, any objective evidence
tending o clarify these relationships, such as that demon-

strated by correlation analysis using the aforementioned

5 3 2 . 7~ ~ N
criteria were judged "meaningfu 2,24).
‘ e €A1 2 - = - . ~ . +-3
The following criteria were used to answer the

o
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1. imple pairwise correlation analysis between
engine section production cost and total engine production
cost, and between the production costs of engine sections:
Computation and display of these correlations answered
Research Questions 1 and 2.

2. In answering Research Question 3, the following
results of correlation analysis provided an insight into
techniques which could be used for predicting prcduction

costs and design change costs (24).

a. Simple correlations between each section pro-
duction and total engine production cost of 0.7/ or greater.

b. A section which demonstrates partial correla-
tion coefficients of not less than 0.4 with total engine

production cost while controlling for other engine section

f costs.

-

Summary List of Limitations

7 1. Data collected:
a. Because of limited data availability, the
data were heterogenous in terms of engine type, section
=] b}

composition and cost year.

b. Production cost data at engine section level

3

could not be located within the Air Force (with the excep-

N\

- £ 4 o
tion of the J=85-21).
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c. Time allocated to this research limited the
collection of data to that described in the previous data
description section.

d. Seven of the eight engines were manufactured
by General Electric Corporation. Therefore, conclusions
drawn from this analysis may be more applicable to GE
enginss than those of other manufacturers.

e. Accuracy of data provided by engire manufac-
turers were limited to the accuracy of their collection of,
actual and/or estimates of production costs.

f. Modular engine construction (F-100) and con-
ventional engine constructiorn (others) resulted in a dis-
similar breakdown of engine modules versus engine sections.
To counteract this dissimilarity, F-100 production costs
were further broken down under AFAPL supervision ©vo the
assembly level. Assembly costs were then aggregated to
provide an engine section cost breakdown for the F-100
similar to that of the conventional engines (2). The
original allocation of assembly costs to F-100 modules
provided by the manufacturer and the resultant re-allocation
of assembly costs to engine sections by the researchers with

the advice of AFAPL were retained on file by AFAPL (2).

Summary List of Assumptions

1. For the purpose of analysis:

30




2. Adjustment of production cost data to constant
i vear dollars was not necessary since the proportion of engine
section cost to total engine cost remains constant (2).

b. In the population of engines, the defined
variables selected for correlation analysis are distributed
in a joint bivariate normal distribution as is required for
correlation analysis.

2. Breakdown of F-10C module costs to assembly level,
and re-aggregation of those costs into engine section costs
similar to conventional engine section construction provided

00 cost data useable in this analysis.

31




Chapter 3

DATA ANATLYSIS AND FINTDINGS

This chapter describes the data analysis and sub-
sequent findings in detail. The results of bivariate or
simple pairwise correlation and partial correlation analyses
of each engine section cost with total engine cost are
described. The final section summarizes the findings by

addressing the research questions.

BIVARTATE CORRELATION ANALISIS

Engine Sections with Total Cost

Table 5 depicts the results of simple pairwise cor-
relation of each section production cost with production
cost of complete engines. The correlation coefficient (r)
is positive for all variables indicating a direct relation-
ship between each section and total cost. The strength of
each relationship is provided by the value of r where 1.00C
indicates a perfect direct linear relationship, -1.00C indi-
cates a perfect inverse linear relationship, and 0.000 indi-
cates the complete absence of a linear relationship (21:279).

The ‘high pressure turbine (X4) exhibited the
highest direct correlation with ftotal engine cost

(r = .9954). The avgmentor and nozzle (X3) also shows a

~
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Simple Pairwise Correlations:

Tsble 5

Engine S

With Total Engine Cost

X1

X3
X4
x5
X6
X7
X8
z9

-

TCOST
(all engines)

€173
.9058
.8851
99054
.8237
.8699
«I151
.3054
.9868
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very strong direct relationship with TCOST (r = .98€8).

Other sections which met the criteria test for further
analysis (r > .7000) are the compressor (X2), combustor
(X3), low pressure turbine (X5), bearings, seals and drives
(X6), controls and accessories (X?7), and frames (X8).

The fan (X1) with an r = .6173 was the only engine
section which did not meet the criteria test for further

snalysis via partial correlation.

Among Engine Sections

Table 6 lists the results of simple pairwise cor-
relation of each section cost with each other section.
Positive correlation coefficients indicate direct relation-
ships among all the engine sections.

The lowest correlation between Swo components was
r = .2589 for the fan (X1) and controls ard accessories
(X7). The highest correlation between two components was
r = .9962 for bearings, seals and drives (Z5) with the
augmentor and nozzle (X3).

The section which exhibited a high correlation witha
all other sections most consistently was the augmentor and
nozzle (X9). Correlation coefficients of X9 with other

sections were greater than .9200 except the low pressure
&

turbine, which was .8416,
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The fan (X1) was the only section which exhibited

correlation coefficients of less than .500 with any other
section. These were the compressor (Z3) at .30C0 and con-
trols and accessories (ZX7) at .2589.

In summary, the results of simple pairwise corre-

S =

lation discussed above described the relationships between
the production costs of gas turbine engines and engine
sections and between the production costs of engine sectlons.
11 engine sections with the exception of the fan (X1)
exhibited a correlation with TCOST greater than .7000.
Partial correlation analysis described in the next section
was conducted to determine which of those relationships

appeared to be spurious and which appeared to be fTrue.

The results of the simple correlations exhibited no

major surprises. It was anticipated that there would be a
positive linear relationship between engine section produc-
tion cost and total engine production cost. The fact that
the fan (X1) did not meet the criteria test could be the
result of limited data availability or some other reason
that the researchers were not gualified to answer (i.e.,
technological considerations).

PARTTAL CORRELATICN ANALIYSIS

‘

Further investigation of the relationships between

engine section costs and total engine cost was conducte

W
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a partial correlation. The purpose was to determine if
the engine section cos were in fact correlated as the
simple correlation analysis indicated, or if the correla-
tion was due to the fact that a particular section cos?t
correlated with another section which was, in reality, the
high correlator with TCOST.

Kendall and Stuart describe the insight into the
relationship between two variables provided by partial
correlation as follows:

If we find that holding another variable fixed

reduces the correlatior between two variables, w

infer that their interdependence arises in part

through the agency of that other variable; and, if
the partial correlation is zero or very small, we
infer that their interdependence is entirely

at trlbutable to that agency. Conversely, if the

partial correlation is larger than the originsl

correlation between the variables we infer thas
the other variable was obscuring the stronger
connection or, as we may say, 'masking' the cor-
relation. But it must be remembered that even

in the latter case we still have no warrant to

presume a causal connection: . . . the presump-

tion of causality must always be extra-statistical

[(17:317].

irst order partial correlation shows the corre-
lation between two variables while controlling for the
effects of a third variable. First order partial corre-
lations were conducted for each engine section which mest

L *1 b . PR S | 4= e slns T ) (i 1 Fal .
the criteria test with total cost while confrolling for the

effects of each other section, one at a time.
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Second order partial correlation was used to control
| for the effects of other engine sections, two at a time,
providing further insight into the relationships of section
costs and total cost. :
Partial correlation analysis was limited to first
and second order correlations. Proceeding beyond the second :
order with such a small sample (eight engines) produced

higher order partial correlations whicl meaningful

B!
=)
[41]
H
(0]
'_
D
10)]
n

and could have proven misleading (36). First and second
order partials were sufficient to clarify the relationships ;

suggested in the previocus simple pairwise correlation

Cost data for all eight engines were used to compute
st and second order correlation coefficients for
sections common to all engines with total engine production
cost: compressor (X2), combustor (X3), high pressure tur-

bine (X4), bearings, seals, and drives (X6), controls and

g
accessories (X7), and frames (Z8). The first oxrder coef- 1
ficients are shown in Tabie 7. he second order coceffi- 4

cients are shown in Table 8. ‘
Partial correlation analyses of the low pressure

turbine (X5) and of the augmentor and nozzle (X9) were é

conducted separately using only the data for engines which %

have those sections. Results are discussed separately in

o~ 4 v o % L B | v IC - - -~ N
sections whickh followes Partial correlation ansalysis of +he

v
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Table 8

Partisl Correlations:

Common to All Engines
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first order correlation ccefficient is .6762 when

ct

of bearings, seals and drives (X6) is controlled.

Combustor (X3)

The simple pairwise correlation of .8851 with TCOST
does not hold up under partial correlation, particularly
when the effect of the high pressure turbine (I4)
trolled. Figure 6 shows first and second order partial

correlation coefficients which indicate much of the corre-

lation of X3 with TCOST is spurious.

High Pressure Turbine (X&)

The simple pairwise correlation of .9954 nholds up
extremely well under partial correlation analysis. Result
shown in Figure 7 indicate that the high pairwise correla-
tion is not due to the effects of other sections. Rather,
the high correlation of X4 with TCOST appears to be a true

3 - o o
direct correlation.

Bearings, Seals, and Drives (X6)

The simple pairwise correlation of .8699 appears to
- : 57, = ) (] du 1 ,‘
be largely spurious. ZEven though, X7 appears to "mask"
some of the correlation between X6 and TCOST, when the

’

effects of the other varigbles are controlled, the ‘true
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nature of the relationship of X6 and TCOST is revealed.

T

' Partial correlation shows that much of the apparent pair-

wise correlation is due to the fact that X6 is correlated

with other variables which sre in turn correlated with

TCOST. Figure 8 reveals this apparent breakdown of the
correlation of X6 with TCOST under partial correlation

analysis.

Controls and Accessories (X7)

The simple pairwise correlation of .9131 does not
hold up under partial correlation. Most of this correla-
tion with TCOST appears to be spurious. Greatest reduction
occurs when the effect of the high pressure turbine (I&4)
is controlled. This indicates that the apparent corre-
lation of X7 with TCOST is mainly due to the correlation
of X7 with X4, and X4 being highly correlated with TCOST.

Figure O shows the comparison of correlation coefficients.

Frames (X8)

The simple pairwise correlation of .9054 breaks

¥

down under partial correlation, indicating much of the

ct

apparent correlation of X8 with TCOST is spurious.
Greatest reduction in value of the correlation coefficient
occurs when the effect of the high pressure turbine (IZ4) is

controlled., Figure 10 illustrates the partial correlation

coefficients.




Zero Order First Order
| .53
4 1.\) — .87 /1.,3—-
51 .4y o2 -
0.9 e G0
|
R ey e “WOTTETE = x| I8
Control Variables
Second Order
I].‘:) - .87 -:—9§-r .39
43 <49
<07
3.0 ‘ I
x 07 L
-.5:\
"’1¢C'
X2 X2 X2 X2 X3 X3 X3 X4 X4 X7
X5 X4 X7 X8 X4 X X8 b &5 X8 X3
Control Variables

Figure 8

Partial Correlation Coefficients: TCOST with X6

47




Zero Oxrder

120 = .91

Order
+ 596

First

1.0—- 094

.77

«68

00 1
= —.,‘O

-1.0 4+m—— -1.0
X2 Xz X4 X5 X8
Control Variables
Second Order
o Q
/].O _1 ‘99 .94- .9‘7 .89 -/8
055 ‘51
0.0
=.0% 3
....'15
S 55
=1 O
X2 2 X2 X2 X5 Z3 Xu X4 X6

X4

B &

X4 X9 X6 X8 X8

Variables




3

Zero Orcer

’Y..Zj

0~
_c‘I
. _

H

77

/3

0] =
r o /T
4.0 — = = =
Xz X3 pgs X5 X
Control Varisbles
Second Order
«35

.88

e

0

ik =

X3 Xu&

Partial Correlation Coe

e X2 X5
s X7 X4

Control

X3

o

L5

Figure 10

s NS 4o
Liiclenvs:

o

X3
X7

Varizbles

TCOST

pC
X6

~r

p (S

X7 X7

with X8




Low Pressure Turbine (X5)

First and second order partial corre
ficients for the low pressure turbine with TCOST were com-—
puted using only the cost data for engines which contfain
that section: F-100, F-101, FP-404, TF-34-1C0, TF~-%29, and
GE-18 (T-700). Table 9 shows the results of these compu-

tions.

Figures 11a and 11b skow that the simple pairwise
correlation of .8699 does not hold up under partial corre-
lation. Most of the correlation of X5 with TCOST appear
spurious. Greatest reduction in correlation coefficient

- o : - L) L £~ \
occurs when the effect of the high pressure turbine (Z4)

Augmentor and Nozzle (X9)

First and second order partial correlation coef-

£iai

[

[0}
Yy

ne

4]

for the augmentor and nozzle with TCOST were
computed using only the cost data for engines which contain
that section: F-100, F-101

Table 10 shows the results of these computations.

lation coefficients. The simple pairwise correlation of

.9868 appezrs to hold up well in first order partial corre-

% - v A - ¥ 4 s - ~ 1 -
lation. However, when the effects of other sections are

. v T dee o~ s ¥ | 9 de o A
controliled two at a time in second order partial correlation,




First Order
TCOST
ith
Control- %D
ling fors
X2 0.7897
Z3 0.5342
p. 8 -0.2190
eSS 0.4292
X7 08213
X8 Q1021

Table 9

Low Pressure Turbine

Second

and Second Order Partial Correlations:

Crder

TCORT
With

Control-
ling forse

X2, X3
= . |
X2, X6
y X7
, X8
I3, X4

X7, X8
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Table 10
First and Second Order Partial Correlations:

Augmentor and Nozzle

First Order Second Order
TCOST TCOST

With Wit
Control- 75
e ling for

.9655 X2, X3 -0.7023

Control-
Ling for

S




— : ———

6X UATM LSOOL  :SqUsLOTEIa0)
UOTJRTAIION TBLAWIBI IODPIOQ 4SIL{ Pue OI87

BZ| oandtg

S8TQBTIB) TOIJUOD
gr LX 93 #X ¢X e

L o e ok i

e4* G4*
66° 66"

IopIQ ASITA IS9PIQ OIdF

c6® e O 65" — 0L




OX UATM JSOOL SIUSTOTFF|0D
UOTARTAILIO) TRTAIBI ISPIQ PUOISY

qzl oInITq

SOTARTIR) TOIFUOD

g @x 4% -8 4% 9x @ X ©S& WE ©X /X 9X 4X ¢xX
/X 9X OX +#X +HX HX ¢X ¢X ¢X <X ¢ 2 ZE % g
Of"=
. 96 ° =
0°0
AR al - @@o * 5 - -
L6~ 00 66° 86 66° 66° o 86° o8 56 01

I9PIQ) PU0OSY

.

B e T

R ad 5nh»‘, . L



‘ much of the simple cor ation appears spurious. In par-
| ticular, X3 and X6, appear to have a major effect.
Due to the limited number of engines (five) used
for this analysis, the results should be labeled inconclu-

sive,
In summary, partial
E vided further insight into
tionships between engine se
engine production costs. F
correlation indicates that
lation is largely spurious

correlation analysis has pro-
and clarification of the rela-

ction production cost and total

'irst and second order partial
the initial high direct corre-
for sections other than the

essure turbine (X4).

much of the correlation of other sections with TCOST is

apparently to be due to the fact that those sections

correlate with the high pressure turbine; and the high

pressure turbine is, in faet, correlated with TCOSI. Of

she variables analyzed (X2 through X9), the high pressure i
: turbine demonstrated the highest direct, true correlation

with total engine production cost.
F Answers to Research Questions

Research Question 1. What is the relationship |
between engine section production costs and total engine
production costs?

\n
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All engine sections demonstrated a direct ccrrela-
tion with total engine cost. The high pressure turbine
exhibited the highest direct correlation and partial cor-
relation showed this to be, for the most part, a true
correlation. The fan exhibited the lowest direct correla-
tion with total engine cost and was the only engine section
which did not meet the criteria test for further anslysis
via partial correlation. The compressor exhibited a high
direct correlation with total engine preduction cost which

held up fairly well under partial correlation, although not

as well as the high pressure turbine. The direct correl

Y]

tions with total engine section production costs exhibited
by the remaining engine sections were not maintained once
the effects of other sections were controlled. This indi-

cated that much of the simple pairwise correlation was

Research Question 2. What are the relationships

between the production costs of engine sections?
All simple pairwise correiations between engine

S

@

ction costs were positive indicating direct relationships.
The augmentor and nozzle exhibited a high direct correlation

withrthe other sections most consistently. The fan exhibited

the lowest direct correlation with the other sections.
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As a result of the research, ti
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‘ an estimate of total engine production cost. Similar
efforts with the compressor section might also prove
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Chapter &4

SUMMARY, CONCLUSIONS, AND RECCOMMENDATIONS

=

Overview
SN

This study has investigated the feasibility of non-
parametric cost estimating by using correlation analysis
to determine the relationship of engine section production
cost to total engine production cost. First in this chapter

remarks are made regarding previous research and data avail-

ability. Next, conclusions as To the methodology used and

8]

the findings produced are discussed, followed by the impli-
cations of these findings for cost estimating. Finzally,
recommendations as to fubure data collection and further

=

The lack of production cost data at the engine

section level was recognized by the researchers and the

~ o R - - S~ - - -
sponsors of this research effort as a potential deficiency
of this study. Due to This sample size insdequacy infer~

(%
o
(]

ences to the population ¢f gas turbine engines could no
made. However, the researchers believe that because of
data differences of turbine engine type, section composi-
ion{ cost year and technology, any strong correla

TS, PR - 4 3 o - £ E o o : = oy N
that occur are indicative of the population of gas turbine




this study lend credence to the expert opinion that the

i
|
|
|
|

high pressure turbine is the major determinant of total

engine cost.

Previous Research

Three previous research studies were sponsored by

3

APAPT, as part of an on-~going effort to establish a creditable
& (=]

n

engine acquisition costing model. This research constitute
the fourth such effort.

Duetsch and Barry of Georgia Institute of Technology
investigated industrial engineering and parametric approaches 5
to engine cost estimating. They voiced preference

Feg e

industrial engineering approach but felt that both approaches

dependent on a cost model. Their recommendations

were over.

ey

.

vere that AFAPL construct a manufacturing lire simulation to

provide a cost model which would reflect the manufacturing

environment (9). However, such a simulation would require

skxill and data resources not presently available to AFAZPL

(24),

industry and reached two major conclusions. First, the

- . . <

o~ AT+ - - < 3 ~ 3 .~y
searchers felt that the industrisl engineering approach was

o 1 r - R’ =~ ~>ver -2 7 -
personnel with the necessary sxilis
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were acguired and access could be gained to engine manufszc-
turing processes and data. The second conclusion was that
regression analysis could be used at lower levels (section,
assemblies, parts) to predict engine production cost, but
that difficulties would be encountered due to differences
in engine configuration, design approaches and technology.
They asserted these difficulties could be overcome by pro-
ceeding to the assembly and/or part level for regression
analysis (11). In a follow-on study Drske, Reda, and Allen

used the industrial en
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cost of a single turbine disk of the J-69-T-25 engine. The
study required seven months to complete (12). Such detailed

analysis and data acquisition in terms of es

ct
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(O]
et
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I
(0]
o]
H
o
(®7]
=
(@)
|

tion costs of a complete engine are clearly beyond the

(Y

o

present capability of AFAPL (24).

Mullineaux and Yanke of the Air Force Institute of
Technology conducted a study which resulted in improvements
in regression models developed by the RAND Corporation for
use in the parametric approach to engine cos®t estimating
(21).

By adding statistical verification and raw material

factors to the RAND models the researchers provided improved

-— - @ | .y = Y n =Y R
parametric models now in use by AFAPL (24).
63
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As stated in Chapter 1, the objective of this
research was to determine the relationship of section pro-
duction costs to total production cost of gas turbine
engines. These relationships provide AFAPL a direction for
future research to develop an engine cost estimating metho-

dology (24).

Data Availability

The research required production cost data for

17

complete engines as well as for engine section The

0]

5

researchers were successful in locating such data on only

5

ight gas turbine engines.

()

pts to locate data on engine section produc-

I3

tion costs within the Air Force were, for the mosv part,
unsuccessful., Within the Comptroller, Asronautical Systems
Division, Air Force Systems Command, such data were not
available from the Comptroller Cost ILibrary, Life Cycle Cost
Library or Cost Management Systems Division. Of the System
Program Offices (SPO) contacted, only the F-5 SPO collected
and utilized production cost data below the complete engine
level that was consistent with the breakdown used in this
study. The F-15 and F-16 SPOs collected and utilized pro-
/

duction cost data by module (F-100 engine) but did not have

any further breakdown of the cost data. Although the
General Electric COSMOS system produces detailed cost

2
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control data on the TF-34-100 to conform with Air

Cost/Schedule Control System Criteria the A-

Engine production cost data broken down to section
levelwere not available from the Navy. Although personnel
at the Naval Air Research and Development Center acknow- ]

ged plans to collect such data in conjunctiorn with cos

(D
)
(e}
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i 1
' 1
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Q
ct

1

)

3

estimating research, such efforts to begin dat

major engine manufacturers met with varied degrees of suc-
cess. Gerneral Electric Corporation provided data on seven
engines, A Pratt and Whitney Aircraft Company representa-
tive provided data on the F-100 engine and indicated similar
data on other engines were not available (20). ZFinally, a
representative of the Air Force Plant Representative Office
Detroit Diesel Allison indicated that production cost
data on Allison engines were not collected or aggregated

by engine sections (10).

/ Despite the problems encountered in acquiring data
for this research, the researchers are of the opinion that
engine procduction costs can be collected by the marufacturers
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and aggregated to part, assembly and section costs. If

engine production cost data in this format are deemed o

value for cost estimation, it remains fcr the Air

By

ask for, or contract for, such data.

Methodology and Findings

The use of partial correlation analysis provided an

understanding the relationships between

H

effective means o

(3

)
Ll

two independent variables. It must be remembered that

of

coefficient of correlation is merely an indication of the
linear relationship between two indevpendent veariables.

It should not be concluded that the numbers represent cause
and effect relationships. The presumption of causality

" . . . must always be extra-statistical [17:317].%

When computing partial correlation coefficients to
the second order the relationships between two variables
are indicated by the consistency of the coefficient. Good
correlators have little variance in correlation coefficient
throughout the analysis, whereas, correlators whose high,
positive, zero-order coefficients gre spurious in nature
have higher order coefficients that vary about zero or are
nega?ive.

It is felt by experts that the high pressure turbine
is the main cost determinant of gas turbine engines, and

that if the cost of this section can be determined then the

o
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cost of the engine can be predicted (24). This research

By

"ot feeling" of the expertcs.

Partial correlation analysis has also shown the

O

ompressor to be the most comsistent correlator with total

production cost despite its zero-order correlation being

might also be considered by itself or in conjunction with
the high pressure turbine in producing a model to predict
engine production costs.

The remaining engine sections did not hold up under
partial correlation analysis as indicated by their near

zero and/or negative correlation coefficients. Most of

tion with total production cost is attributable

cl
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D
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H
O
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H
H
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to cne or more other section's correlation with total ccest.
In summary, partial correlation analysis has

appeared to be viable method in this study in determining

he relationship of section production costs to total engine

production cost of gas turbine engines. In the analysis,
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e appeared to be the best correlator
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Implications for Cost Estimating

The findings of this research provide insight into
technigues that could be used for predicting prcduction
costs of gas turbine engines. Correlation analysis is a
reasonable, legitimate predecessor to regression analysis
(19). This research indicates that the production cost of
the high pressure turbine and the compressor could be
entered separately into individual simple linear regres-
sions (SLR) or together into a multiple linear regression
(MLR) in an effort to predict total engine production cost.

sec-—

(4]

A logical step in determining the cost of th
tion to predict total production cost would be to use the
industrial engineering approach. If the cost of the high
pressure turbine or the compressor could be "built up" then

the resultant cost could be used in a SLR to predict total

Recommendations

Data collection. Data collection problems encountered in

this research indicate that sufficient engine cost data for

B
o}
13
(o]
ct

on-parametric approaches to engine cost estimating are
presently collected by the Air Force. Also, methods of
reporting and collecting production cost data on completed
engines are dissimilarly reported by each manufacturer and

- 1

sgimilarly collected by each SPO.

68




It is recognized that the Air Force Cost/Schedule
Control System Criteria do not place specific reguirements
on collection or formatting of production cost data. Never-
theless, further progress in non-parametric cost estimating
techniques, particularly the industrial engineering approach,
requires production cost data for engines broken down into

section, assembly and part levels in a consistent fashion.

Y el T 3 - < a-r — P 3 = 3
Further study. The researchers believe the Tindings of Ghi

study have provided ingight into the relationships which
exisT ong production costs in the popula

ngines. Based upon these findings, the follow-

@D

2s turbine

09

ing areas are recommended for further study relative To cost

estimating for gas turbine engines.

1. Since the high pressure turbine tended to be

cf
@D

H
]

determine the cost of this engine section. A study to de

o

mine the costs of

ot
n

high pressure turbine assemblies and paxt
in an effort to "build up" high pressure turbine costs using

the industrial engineering approach is recommended.

f n: =% 18 Y Y a7 4+ - ~ A - - . ~ -~ ~
models should be built using engine section costs as resgres-
o < - -— ] rna 4 s A s+ A . -3
sors against total engine cost., Such a study could use the

i
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|
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data collected for this research for building the regression

-

models, but would require collecting data on several other
engines for use in testing the prediction accuracy of the
models. Such models could also be exercised to predict the
effects of design changes within engine sections on total
engine cost.

3. A feasibility study should be undertaken to
determine the costs versus benefits of requiring contractors
Yo report engine production costs by sections, assemblies,

and parts in the manner used in the General Electric COSMOS

o 1

m. The costs/benefits should be weighed against the
feasibility of cheanging the Cost/Schedule Control System
Criteriag to require cost reporting in such a format.

4. A comparative analysis of engine parts costs
for replacement parts purchased by Air Force Logistics
Commend (AFLC) wversus costs of complete engines should be
undertaken. Such a study would provide insight into the

feasibility of using AFLC parts cost data in the industrial

5. The researchers assumed in this study that

normelizing engine cost data to a base year (using index

B
@)
>
H
0]
s
=

as not necessary since, within each engine, the
proportion of section costs to total cost would remain the

same. The researchers believe a study to determine the

70
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APPENDIX A

L7: "A number of parts joined taéetke“ to

ific function and capable of disassembly

2. ZXEogine: "The complete engine [31:Atch 3].

£ g)

3. IXngine Levels: Breakdown of the complet
into sections, assemblies, and parts (31:Atch 3).

Production Costs: Shop costs required to
Test the completed engine (14). Shop costs
tions, assemblies, and parts enter this level
erial costs.

assemble arnd
of engine sec
as direct mat

D ?\37: "One piece, or two or more joined tcgetier
which are nov normally disassembled without destruction of
desired use [31sAtch 2]." TFor example:

a. Combustor Basket
©. Compressor Blade
c. Exhaust Diffuser

6. ZProduction Cost: “anu*acUu“_ng shop cost of a paxrt,

assembly, section, or ccmplete engine (28).

7. Section: "The immediate functional breakdown below
the engine level (571:Atch 3]." For example:
8. Tfen

b. Compressor

c. Combustor

d. Turbine
8. BSection Production Costs: Total shop costs regquired
to assemble and test a complete engine section (14). Shop
costs of engine assemblies and parts enter this level as
direct material costs.

9. Shop Cost: ComorLSPd of the following cost elements:
Direct labor and material, and indirect labor and material.
These costs typically comprise 75 percent of total engine
selling price (18: 4~/.
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VALIDATION OF ANALYSIS PROCEDURES
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imple correlation analysis provides a numeXical
representation of the bivariate distribution of two random
variables. A correlation coefficient summarizes the strength

of the relationship exhibited between the two variables by
h

ange in one variable in relation to the

Multiple correlation is the simple correlation of a
single variable and the corresponding linear relationship of
other variables. Once the relationship among the variables

< g2 o~ P P o . .
is known, the net effect of one variable on another in iso-

ation can be determined (35:310).

Covariance

Covariance is a measure of the degree to which two
variables are linearly related. ILet X and Y be two randem
variables. Two new variables can be defined as the devia-
tions of X and YT from the means of their respective popula-

Sions:

Camn.
.
N/

The covariance of X and T, U4, is defined as the expected

value of the product of these two variables:

\ 7 P
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Positive covariance indicates the tendency of X and

Y to move in the same direction and negative indicates the

tendency to move in opposite directions. Since T gy

Fad

measures the extent to which the variables move together, if

X and Y are independent then Ty = @ (35 : 971 )

Porulation Correlation Coefficient

While the covariance of X and Y gives an indication
of the orientation of the population distribution (X, Y),
the population correlation coefficient, F)XZ’ gives an

indication of the compactness of the distribution. R

b

is, therefore, a measure of joint central tendency with
respect to a line (19).

g

W g
PK‘I . O-X O—Y \/)

.

However, F)XY is generally unknown and the sample correla-

tion coefficient, gy is used as an estimate (35:286).

The Sample Correlation Coefficient

Where Xi and ¥, are random variables, sample obser-
vations from the population (X, Y), the sample correlation
coefficient, r, is calculated:

‘ (X -3 - I
B i
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—
I
=
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r is an unbiased estimator of the population parameter,

N
\J1

Simple pairwise correlation involves computation o
r for each pair of random varisbles among a group of

variables from a sample. The value of r obtained descri :

o'
[
n

the degree of association between those two variables

N

[69)
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g
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5%

rovides an indication of the strength an

direction of a linear relationship between the two variables.

PR ST e

r can take on values from =1.0 to 1.0, with -1.0 indicating

A

a perfect inverse linear relationship, 1.0 indicating a pe

fect direet relationship, and O indicafing the absence of a

-

il il L oy

- 8 . . SN2 A

linear relationship (23:279).

Partial Correlabtion %
Partial correlation is a simple correlaticn between
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two residuals from which the ef
variables have been removed or controlled (23:333). TFor
example, the correlation of the varisbles 1 and 2 control-
ling for a third variable, 3, would be written T10.3e

-

The first order correlation coefficient controlling

o % 4 1 K 3 e B 3 : + 03 & q
for dne variable, is determined using the zero-order, simple

pairwise, coefficients as given by the following formula
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Each succeeding ordered correlation coefficient,
controlling for n variables, is determined using the (n -
ordered partial coefficients (23:303). For example, the second
order partial correlation coefficient of the relationship

1Y

between the two variables i and j controlling for the

of the variables k and m would be calculated using the
formula:
Dl = . 25
Ly 1jem ilkem “ikem (5)
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APPENDIX C
COMPUTER PROGRAMS USED IN COMPUTING PEARSCN

CORRELATIONS AND PARTIAL CORRELATIONS




APPENDIX C

SPSS Program for Computing Pearson (Simple Pairwise)

Correlations, X1 to X9 with TCOST

010#8,R(SL) :,8,16;3,16
OdOﬁ.IDENT'Wp1191 JAFIT/SLG GREENE & STARK
30% : SELECT SPbS/SD\S
O4ORUN NAME ; ENGINE COST ANATYSIS
OS0VARTABLE LIST;TCOST,X1 TO X9
OcOVAR uABuLS,TCOD*,"VGINT PRODUCTICON COST/
0703X1,FAN/
0803X2 ,COMPRESSOR/
090;X3,COMBUSTCR/
1Cb X4 ,HIGH FRESSURE TURBINE/
X,,LO PRESSURE TURBINE/
‘ﬁ0ﬁ6 AB*WSS‘MMAJ)&_:Q/
1303X7 ,CONTROLS AND ACCESSORIES/
1403X8, \FR YE”’
150 X9,AJGMENmOR AND WOZZ°“'
1601INPUT FORMAT ; FREEFT
17JTVDUT MEDIUY,DISK
180N OF CASES;8
190MISSING VAuU—S +X1,X5,X9(0)
200READ INPUT DA“A
21CPEARSON CORR;TCOST,X1 TO X9 WITH TCOCST,X1 TO XS
220FINISH
230$:DATA:08
2404 : SELECTA : 77A68/ENGINET R
250% :ENDJOB
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SPSS Program for Computing First and Second
¢ Order Partial Correlations of X2, X3,

X4, X5, X7, and X8 with TCOST

010##S ,R(8L) 88,1633 . i
020$:IDENT:WP1191,AFIT/SLG GREENE & STARK
030% : SELECT : SPSS/S PSS

C4ORUN NAME;ENGINE COST ANATISIS
‘ OS50VARTABLE LIST;TCOST XT TO X°
i ‘KAVA-P L_“B"T“'.f‘lgoqm _"\T(“T\T" PRODUCT ":I DCST

AT AT
U u;.‘:’. ,._:uT/

080;X2 ,CCMPRESSOR/

; 090 ;X3 ,COMBUSTOR/

| 100 ;X4 ,HIGH PRESSURE TURBINE/

= 1103X5,LOW PRESSURE TURBINE/

= 120;%6,BEARINGS SEALS AND DRIVES/
30:X7 ,CONTROLS AND ACCESSORIES/

140313, FRUES/

0:X9 | AUGMENTOR AND NOZZLE/

2ot 7CRMA:-ﬂR¢;r ELD

170INPUT MEDIUM;DISK

180N OF CASES;8

1GOMISSING VALUES;X1,X5,X9(0

- 3 200READ INPUT DATA

o 210PARTIAL CORR;TCOST WITH X2,X3,X4,X5,X7,X8 BY

22031213, X KO.X,,;V\ﬂ,:;

Nz (57 ]
& ;.- NO' vl
Sanam na, 1
40STAT .u..gvb; 1
ISH
_/O: N

260%: JATA.OQ

Ny ST o &7 ksl B
=4 /"\3::..4.1.:44\/'13.1.. /,’- ¢8, B ,:._..I.._J §

(@3]
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L ’./AD-AO'M 172 AIR FORCE INST OF TECH WRIGHT=-PATTERSON AFB OHIO SCHO=-=ETC F/6 21/5
AN INVESTIGATION OF THE RELATIONSHIP OF SECTION PRODUCTION COST==ETC(U)
JUN 77 J K GREENE, A E STARK

UNCLASSIFIED AFIT=LSSR=34=T77A

2 END
IO—W
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APPPENDIX C

SPSS Program for Computing First and Second Order

Partial Correlations of X5 with TCOST

010#4S,R(8L) :,8,1633,16

0208 : IDENT:WP1191,AFIT/SLG GREENE & STARK
030$ : SELECT : SPSS/SPSS

O4ORUN NAME;ENGINE COST ANALYSIS
OS0VARIABLE LIST;TCOST,X1 TO X9

060VAR LABELS;TCOST ,ENGINE PRODUCTICN COST/
070;X1 ,FAN/

080; X2, COMPRESSOR/

090;X3,COMBUSTOR/

1003X4 \HIGH PRESSURE TURBINE/

110;X5.LOW PRESSURE TURBINE/
1203X6,BEARINGS SEALS AND DRIVES/

1303;X7 ,CONTROLS AND ACCESSORIES/

140:X8  FRAMES/

1503X9 ,AUGMENTOR AND NOZZLE/

160INPUT FORMAT ; FREEFIELD

170INPUT MEDIUM;DISK

180N OF CASES;6

190MISSING VALUES;X1,X5,X9(0)

200READ INPUT DATA

210PARTIAL CORR;TCOST WITH X5 BY X2 TO X8(1,2)
2200PTIONS; 2,7

230STATISTICS;M

240FINISH

2508 :DATA : 08

260% : SELECTA : 77A68 /ENGINE4 R

270$ENDJIOB
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APPENDIX C

Program for Computing First and Second Order

Partial Correlations of X9 with TCOST

010#4S ,R(SL) :,8,1633,16
0208 : IDENT : WP1191 AFIT/SLG GREENE & STARK
030% : SELECT : SPSS/SPSS
OMORUN NAME;ENGINE COST ANALYSIS
O50VARTARLE LIST;TCOST,X1 TO X9
0B0VAR LARELS;TCOST ,ENGINE PRODUCTION COST/
0703X1,FAN/
080 ;X2 ,COMPRESSOR/
090+ X3, COMBUSTOR/
1003X4 \HIGH PRESSURE TURBINE/
1103X5.LOW PRESSURE TURBINE/
120;X5 ,BEARINGS SEALS AND DRIVES/
1303X7 .CONTROLS AND ACCESSORIES/
1403 X8 ,FRAMES/
1503X9 ,AUGMENTOR AND NOZZLE/
160INPUT FORMAT; FREEFIELD
470INPUT MEDIUM;DISK
180N OF CASES;5
190MISSING VALUES;X1,X5,X9(0)
200READ INPUT DATA
210PARTIAL CORR;TCOST WITH X9 BY X2 TO X4,X6 TO X3(1,2)
Ozoovmlons,_ 7
230STATISTICS ;A
24OFINISH
2504 : DATA:08
260% : SELECTA : 77AE8/ENGINE3 , R
270% : ENDJOB
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